ABSTRACT
Information on biomass yield and nutrient content among leaf, stem, and head components can aid on sorghum [Sorghum bicolor (L.) Moench] cultivar selection and harvest management practices to optimize the quality of the harvested feedstock and residue management. The objectives of this study were to characterize and to determine the effect of five N fertilization rates (0, 67, 134, 201 , and 268 kg ha -1 ) on biomass yield and N, P, and K content of the stem, leaf, and panicle components of two dedicated bioenergy sorghum cultivars. Biomass sorghum Blade ES5200 and sweet sorghum M81-E were grown in 2014 and 2015 in North Carolina. For ES5200, total biomass yield was 14.4 Mg ha -1 with 74, 25, and 2% accounted by the stem, leaf, and panicle, respectively. For M81-E, total biomass yield was 11.5 Mg ha -1 with 62, 24, and 15% accounted by the stem, leaf, and panicle, respectively. Nutrient content by the leaf + panicle components combined were about 45, 7, and 26 kg ha -1 for N, P, and K, respectively, for both cultivars; however, for ES5200, the leaf + panicle components combined accounted for 46, 37, and 16% of total N, P, and K content, respectively, whereas for M81-E they accounted for 62, 74, and 24% of total N, P, and K content, respectively. Addition of N fertilizer resulted in greater shifts in the stem component responses but to different extents for each cultivar. 
Core Ideas
• Sorghum is a potential dedicated bioenergy crop both from biomass and sugar yields.
• Increasing rates of N fertilizer affected biomass yield and nutrient removal for sorghum cultivar ES5200 by partitioning resources primarily toward the stem component.
• For sorghum M81-E, the seed head component accounted for a greater proportion of biomass, compared with sorghum ES5200, and biomass yield and nutrients were more evenly distributed among the three components.
• Returning the leaf and seed head components back to the field to enhance soil fertility has the potential to provide at least 45, 7, and, 26 kg ha -1 of N, P, and K, respectively. Jenkins et al., 1998) . The primary objective of this study was to characterize biomass yield and N, P, and K for the leaf, stem, and panicle components of sorghum cultivars Blade ES5200 and sweet-type sorghum M81-E. Total crop biomass yield and nutrient removal responses as a function of N fertilization rate were previously reported and discussed by Heitman et al. (2017) ; subsequently, a secondary objective of this study was to determine the effect of N fertilization rate on each of the component's biomass yield and nutrient content. Understanding differences in biomass yield and nutrient partition among stem, leaf, and panicle components, and its interaction with management practices such as N fertilization rate, can aid on hybrid selection and development of harvest management practices to optimize the quality of the harvested feedstock and potentially return/maintain residues (and nutrients) in the field.
mATeRIAlS AnD meTHoDS
experimental Site and Crop management The experiment was conducted for 2 yr (2014 and 2015) at the Williamsdale Biofuel Field Lab near Wallace, NC (34°45ʹ N; 78°5ʹ W). The soil was classified as Noboco loamy fine sand (fine-loamy, siliceous, subactive, thermic Oxyaquic Paleudults). Analysis of the surface soil (0-30 cm) indicated soil pH of 5.2 and Mehlich-3 extractable P, K, Ca, Mg, S, Na, Mn, Cu, and Zn values of 404, 161, 427, 58, 23, 9, 13, 3 .1, and 6.3 mg kg -1 , respectively. The year prior to sorghum establishment the plots were fallow. Fallow consisted of mechanical tillage and herbicide application (glyphosate, N-[phosphonomethyl] glycine, 1.12 kg a.i. ha -1 ) during the previous growing season. Timing of herbicide application was based on weed pressure and consisted of two applications per fallow season. Plots were tilled using a tandem disk set to a depth of 20 cm followed by a field cultivator for seedbed preparation. Herbicides atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine) and metolachlor (S-2-chloro-N-(2-ethyl-6-methyl-phenyl)-N-(1-methoxypropan-2-yl) acetamide) were applied at planting at a rate of 1.74 and 1.35 kg a.i. ha -1 , respectively. Sorghum seed was treated with Concep III seed treatment (Syngenta Crop Protection, LLC, Greensboro, NC) and planted at a rate of 247,000 seeds ha -1 (Heitman et al., 2017) . Planting dates were 21 May 2014 and 24 Apr. 2015. Monthly maximum and minimum temperatures were very similar between years ( Fig. 1) . Total annual rainfall was 911 mm in 2014 and 1939 mm in 2015, compared with the long-term 30-yr average rainfall of 1339 mm. Abnormally high rainfall of 366 mm experienced in June 2015 created less than ideal conditions for stand establishment and crop growth (Fig. 1 ).
Treatments and experimental Design
Treatments were five N rates: 0, 67, 134, 201, and 268 kg N ha -1 yr -1 (Heitman et al., 2017) . Each sorghum cultivar constituted an experiment. Sorghum cultivars were planted side by side in adjacent plots separated by a 6-m wide alley between plots. Each plot consisted of a single sorghum cultivar to which N rate treatments were applied. The experiment was conducted for 2 yr (2014 and 2015) . A new set of plots was used in 2015 to prevent carryover effects of N application treatments from 2014. Nitrogen fertilizer rate treatments were randomly assigned to experimental units arranged in a randomized complete block design replicated four times. Experimental unit size was 3.0 m wide by 9.1 m long and consisted of four rows of sorghum planted at 0.76 m space between rows. Nitrogen fertilizer was applied at planting by hand-broadcasting in a single application. Urea (460 g N kg -1 ) treated with the urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT, Koch Industries, Wichita, KS) was used as the source of N fertilizer. The two sorghum cultivars were biomass cultivar Blade ES5200 (Ceres, Thousand Oaks, CA) and sweet cultivar M81-E (MAFES Foundation Seed Stocks, Mississippi State, MS). These two commercially available sorghum cultivars were chosen due to their reported potential as dedicated bioenergy sorghum. The experiment was conducted under rainfed conditions.
Response Variables Biomass Yield and plant Height
Plots were harvested once at the end of the growing season on 9 Oct. 2014 and 14 Sept. 2015 (141-and 143-d long growing seasons in 2014 and 2015, respectively). Total biomass yield was determined by harvesting the two center rows (9.1 m long) to 15-cm stubble height with a Wintersteiger forage harvester (Wintersteiger AG, Austria). Three plants from the center two rows of each experimental unit were randomly selected and hand-separated into three components: leaf (blade + sheath), panicle, and stem. Samples for each component per experimental unit were the aggregate of the three harvested plants. Each component was kept separate and dried at 60°C until constant weight. Weights of the components were used to determine the proportion of biomass yield accounted by each component and the values were multiplied by total crop yield to obtain each component's biomass yield. Plant height was determined by using a survey rod at three locations within each plot prior to harvest. Height was recorded from soil level to the top of the panicle. The average height of three plants per plot provided an estimate of canopy height for each experimental unit. 
nutrient Content
Dried samples from each component were ground using a Christy & Norris laboratory mill (Christy Turner Ltd, Suffolk, UK) to pass through a 1-mm screen. Ground samples were sent to the North Carolina Department of Agriculture and Consumer Services (NCDA&CS) Agronomic Services laboratory for N, P, and K nutrient concentration analysis. Total N concentration was determined by gas chromatography with a model NA1500s2 elemental analyzer from CE Elantech Instruments (CE Elantech, Lakewood, NJ) (AOAC, 1990; Campbell, 1992) . Total P and K were determined with inductively coupled plasma-optical emission spectrometry (ICP-OES) (Spectro Arcos EOP, Spectro Analytical, Mahwah, NJ) (Donohue and Aho, 1992; adapted USEPA, 2001) . Nutrient content for each component was calculated as the product of tissue nutrient concentration and the respective component biomass yield.
Statistical Analysis
Data from each cultivar were analyzed as a separate experiment because the experimental design prevented comparisons between cultivars. SAS software (SAS Institute, 2013) was used to conduct analyses of variance using the GLIMMIX procedure by plant component and a separate analysis was set up for plant height. Year, N rate, and their interaction effect were considered fixed effects. Block was considered random effect. When an interaction was significant, simple effects were analyzed using the SLICE statement of SAS to produce an F-test for each level. Mean separation was based on the LINES option of LSMEANS. Orthogonal polynomial contrasts (linear, quadratic, and cubic) were estimated using the LSMESTIMATE procedure to determine the nature of responses to N fertilization rate. Plots of model residuals were used to check for normality. Treatments were considered significant when P ≤ 0.05.
ReSulTS AnD DISCuSSIon

Biomass Sorghum Stem Yield, nutrient Content, and plant Height
There was a significant N rate × year interaction effect for stem biomass yield from cultivar ES5200 (Table 1) . Stem biomass yield in 2014 increased by approximately 6 Mg ha -1 (with linear and cubic effects) as N rate increased from 0 to 268 kg ha -1 , whereas there was no effect of N fertilization in 2015 (Fig. 2) . The positive effect of N fertilization on stem biomass yield in 2014, and not in 2015, coincided with the pattern of total crop yield response for cultivar ES5200 reported by Heitman et al. (2017) in 2014 and where excessive rainfall was attributed to limited N response in 2015. Our data indicates that the stem biomass component accounted for about 81% of the total biomass yield increase in response to N fertilization. Average across N rates, and despite differences in stem biomass yield between years (Table 2) , the stem component consistently accounted for 74% in 2014 and 73% in 2015 of the total crop biomass yield. Working with sorghum cultivars ES5200 and ES5201 in Missouri, Maw et al. (2017) reported that the stem component accounted for 77 and 54% of the total crop biomass yield for a year with observed response and no response, respectively, to N fertilization. Ameen et al. (2017) reported that the stem component accounted between 63 and 77% of total aboveground crop biomass yield for biomass sorghum cultivar Guoneng-11 grown in a semiarid region in China. Our results agree with previous reports indicating that the stem component consistently accounts for the greatest proportion (at least 54%) of total biomass yield for biomass sorghum cultivars; furthermore, the stem component accounts for even a greater proportion (81% measured in our study) of the actual increase of total biomass yield when N responses are observed. Stem content of N, P, and K was consistently greater in 2014 ( Table 2 ). The stem component accounted for 55% in 2014 and 45% in 2015 of total crop N removed, 66% in 2014 and 60% in 2015 of total crop P removed, and 84% for both years of total K removed (Table 2 ). Stem N content increased linearly as N fertilization rates increased from 0 to 268 kg ha -1 but not for P and K content. The stem component accounted for 79% of total increase of crop N as a function of increasing N fertilization rate. A similar trend with greater stem N content response due to greater N fertilization rate was reported by Maw et al. (2017) for cultivars ES5200 and ES5201 and by Ameen et al. (2017) for cultivar Guoneng-11; however, Ameen et al. (2017) also reported, in 1 out of 2 yr, greater stem P (from 6 to 11 kg ha -1 ) and K (from 39 to 68 kg ha -1 ) content as a function of increasing N fertilization rate.
Plant height increased linearly from 4.65 to 4.95 m as N fertilization rate increased from 0 to 268 kg ha -1 in 2014 and there was no N fertilization effect in 2015 (Table 3) . Our results indicate that greater N availability to the crop, e.g., through greater rates of N fertilization, is primarily accounted, at about 80%, by greater contribution from the stem component for sorghum ES5200, by means of greater stem biomass yield (Fig. 1) , N content (Table 2) , and canopy height (Table 3) .
leaf Yield and nutrient Content
Although absolute values of leaf biomass yield were different between years (Fig. 2) , leaf biomass yield, averaged across N rates, accounted for 25% of total biomass yield in both years ( Table 2 ). The N rate × year interaction effect (Table 1) occurred because leaf biomass yield decreased linearly as N rate increase in 2015, but not in 2014 (Table 2) . It is not very clear why the decrease of leaf biomass yield occurred in 2015; however, environmental conditions with excessive rainfall during June (Fig. 1) , which resulted in less than ideal conditions for sorghum establishment, are attributed to the overall erratic responses to N fertilization in 2015. This effect was also noted for total crop responses by Heitman et al. (2017) .
Leaf N, P, and K content were greater in 2014 compared with 2015 (Table 2) , which coincides with the overall greater sorghum response pattern observed in 2014. There was no N fertilization rate effect on N, P, or K leaf content observed in our study. In contrast, Maw et al. (2017) and Ameen et al. (2017) reported leaf nutrient content effects as a function of N fertilization in 1 out of 2 yr. The year × N rate interaction effect for leaf P content occurred because P content between years was not different at the 0-N rate only compared with the other four rates that were greater in 2014 ( Table 2 ). The proportion of total N, P, and K accounted by the leaf component was consisted across years, despite greater overall sorghum responses in 2014.
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The leaf biomass component accounted by about 40% of total N removed in both years, 30% in 2014 and 34% in 2015 of total P removed, and 14% of total K removed in both years. The leaf component accounted for consistent proportions of biomass yield and nutrient content in both years and biomass and nutrient content responses were not affected by N fertilization rates.
panicle Yield and nutrient Content
Panicle yield of cultivar ES5200 was greater in 2014 (Fig. 2) . The panicle component accounted at the most for 3% (approximately 0.3 Mg ha -1 ) of total crop biomass yield in both years. The panicle component accounted for 6% (~6.6 kg ha -1 ), 4% (~0.9 kg ha -1 ), and 2% (~3.1 kg ha -1 ) of total content of N, P, and K, respectively. Concomitant with greater panicle yield observed in 2014, K content increased linearly from 2.8 to 4.2 kg ha -1 . Maw et al. (2017) and Ameen et al. (2017) did not report any panicle development for cultivars ES5200 and ES5201 grown in Missouri and cultivar Guoneng-11 grown in China, respectively. We did observe panicle development and recorded panicle weights, although the panicle component of biomass sorghum ES5200 played a negligible role for both biomass yield and nutrient content. Low biomass partition toward the panicle component was somewhat expected by breeding design of photoperiod sensitive high biomass sorghums, such as ES5200, compared with grain sorghum (Olson et al., 2012) .
Sweet Sorghum Stem Yield, nutrient Content, and Canopy Height
Stem yield for sweet sorghum cultivar M81-E was two times greater in 2014 compared with 2015 (Fig. 3) . In contrast to sorghum cultivar ES5200, there was no effect of N fertilization on stem yield for sweet sorghum M81-E in either year. No response to N fertilization, or limited response up to 45 kg N ha -1 yr -1 , for total crop biomass yield for cultivar M81-E has been reported previously across multiple locations in the United States Han et al., 2012; Heitman et al., 2017; Wortmann et al., 2010) . Ameen et al. (2017) reported a positive crop biomass yield response up to 60 kg ha -1 , concomitant with greater stem yield for cultivar Guotian-8 in China. Stem yield accounted by 65 and 59% of total crop biomass yield in 2014 and 2015, respectively. Erickson et al. (2012) and Singh et al. (2012) in Florida, USA, reported that approximately 70% of total crop biomass yield was accounted by the stem yield. Ameen et al. (2017) reported that the stem component of cultivar Guotian-8 accounted for between 63 and 77% of total crop biomass yield. Stem N, P, and K content were greater in 2014 than 2015 (Table 4) . Stem N content increased linearly from 21 to 40 kg ha -1 as N fertilization increased from 0 to 268 kg ha -1 ; the trend was reversed for stem P content, and there was no effect for K content (Table 4) . Stem content accounted on average for 40% of total N, 25% of total P, and 75% of total K.
There was a year effect for canopy height being greater in 2014. Canopy height was approximately 60 cm greater in 2014 (3.82 m) compared with 2015 (3.21) . In contrast to the response observed for biomass cultivar ES5200 in this study, there was no effect of N fertilization on canopy height for sweet sorghum cultivar M81-E in either year.
leaf Yield and nutrient Content
Leaf yield was consistent across years at 2.5 Mg ha -1 despite greater total crop biomass yield in 2014 (14.9 Mg ha -1 ) than in 2015 (8.3 Mg ha -1 ) (Fig. 3) . Leaf yield accounted for 17 and 29% of the total crop biomass yield in 2014 and 2015, respectively (Fig. 3) . Averaged across years, the leaf component accounted by a similar proportion (~25%) of total crop biomass yield for both sweet sorghum cultivar M81-E (Fig. 3) and biomass sorghum ES5200 (Fig. 2) . Singh et al. (2012) reported similar leaf yield for cultivar M81-E at 2.8 Mg ha -1 but only 14% of total crop biomass yield. It is noteworthy the consistency in leaf yield, at approximately 2.5 Mg ha -1 , reported for cultivar M81-E across environments. Leaf N content and K content were not different across treatments and years and were 25 and 20 kg ha -1 for N and K, respectively. Averaged across years, the leaf component accounted for 25% of total N removed and 17% of total K removed. Leaf P content was slightly greater in 2014 and averaged across years decreased from 4.2 to 3.1 as N rate increased. Leaf P content accounted for 33% of total P removed. Singh et al. (2012) reported leaf contents of 41, 6, and 16 kg ha -1 for N, P, and K, respectively, which accounted for about 30, 23, and 19% of total N, P, and K, respectively. In spite of greater total crop biomass yield reported by Singh et al. (2012) for M81-E at approximately 22 Mg ha -1 , compared with 14.9 Mg ha -1 in 2014 and 8.3 Mg ha -1 in 2015 observed in our study, the proportions for total nutrient content accounted by the leaf component were very similar, and ranges across the two studies are from 25 to 30% for total N, 23 to 33% for total P, and 19 to 25% for total K removed.
panicle Yield and nutrient Content
Panicle yield was greater in 2014 at 2.7 Mg ha -1 and accounted for 18% of total biomass yield, compared with 1.0 Mg ha -1 that accounted for 12% in 2015 (Fig. 3) Content of N, P, and K were consistently greater in 2014 and this pattern reflects the better growing conditions in 2014 as discussed earlier. Increasing N fertilization from 0 to 268 kg ha -1 resulted in a linear increase from 28 to 30 kg ha -1 for the panicle yield in 2014 only. Averaged across years, the seed component accounted for 28, 42, and 7% of total N, P, and K removed, respectively.
SummARY AnD ConCluSIonS
The effect of year, mainly attributed to the negative effect of heavy rainfall on sorghum responses in 2015, was prevalent among response variables for both sorghum cultivars. Across years, the proportion of total crop biomass yield and nutrients accounted by each component was more consistent compared with the absolute values for each component. Increasing rates of N fertilizer affected biomass yield and nutrient content for sorghum cultivar ES5200 by partitioning resources primarily toward the stem component. Greater N rates resulted in greater total crop biomass yield attributed to greater canopy height, stem yield, and stem N content for sorghum ES5200. For sorghum M81-E, the panicle component accounted for a greater proportion compared with sorghum ES5200, and biomass yield Table 4 . Content of N, P, and K from the stem, leaf, and panicle components of sweet sorghum M81-E [Sorghum bicolor (L.) Moench] grown for 2 yr (2014 and 2015) and nutrients were more evenly distributed among the three components. Increasing N fertilization rate resulted in greater N content by the stem and seed components, but no increase in total crop biomass yield for sorghum M81-E. At stem biomass yield of 10 and 7.3 Mg ha -1 for cultivar ES5200 and M81-E, respectively, returning the leaf and panicle components back to the field to enhance soil fertility has the potential to provide at least 45, 7, and, 26 kg ha -1 of N, P, and K, respectively. Our results indicate that when N fertilization impacted sorghum responses, the extent of this response was cultivar-dependent.
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